Computational study at different levels of quantum calculations (AM1, PM3 and ab initio (HF/3-21G)) where preformed on the inverse-demand synchronous concerted Diels-Alder reactions between dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate as a diene and a variety of dienophiles (ethylene, cyclopentadiene, 1-hexene, cyclohexene). All the molecular structures (reactants, transition states, intermediates and adducts) were optimized by AM1 method. The calculated energies and volumes showed that the cycloaddition systems followed a mechanism by formation an intermediate and proceed to eject N 2 molecule and ended by 1,2-hydrogen shift adduct. The prediction of the reaction energies of modeling of the cycloaddition reactions under-study by semiempirical AM1 method showed a good agreement
Introduction
The Diels-Alder reaction is one of the most useful system for organic synthesis to obtain sixmembered heterocycles and has attracted much interest both experimentally 1, 2 and theoretically 3, 4 . The semi-empirical levels were performed on model intra-and inter-molecular Diels-Alder systems, which showed good agreements in the modeling the cycloaddition reactions 5 . In particular, the well defined participation of 1,2,4,5-tetrazines in [4+2] cycloadditions serve as useful intermediates for the preparation of a variety of ring systems natural products 6, 7 . The methodology is based on an inverse electron demand Diels-Alder reaction of an electrondeficient 1,2,4,5-tetrazine as dienes with an electron-rich dienophile to form a 1,2-diazine and followed by a 1,3-hydrogen shift 8 . In this paper, we report theoretical study of mechanism on four inverse-demand Diels-Alder reactions using the inexpensive semi-empirical method at the restricted Hartree-Fock (RHF) formalism. The general mechanism reaction (Scheme1) begins with a [4+2]-cycloaddition of dimethyl 1,2,4,5-tetrazine-3,6-dicarboxilate as diene to different dienophiles (ethylene, cyclopentadiene, 1 -hexene, cyclohexene). In both suggesting cases of path way A and path way B mechanisms, the addition is followed by elimination of the nitrogen molecule from the resulting intermediate, leading to the formation of (substituted) dihydropyridazine.
Computational methods
Present systems in this work avoided to optimize at the ab initio level because it is exceedingly expensive. However, semiempirical methods have progressed over the past few years to a surprising level of accuracy and reliability, considering the limitations of the underlying approximations 9 . Even simple calculations at moderate levels of theory such as semiempirical procedures give useful information on the molecular mechanism for different chemical reactions. AM1 Hamiltonian 10 as implemented in the program package HyperChem version 7.1 [Hypercube Inc. Gainsville FL.]. Initial molecular using geometries of all structures were optimized with the AM1 semi-empirical method without constraint in the final run of the calculation. Vibrational frequencies were then computed to characterize each stationary structure as a minimum or transition states (TS), via the number of imaginary frequencies (zero for minima and one for saddle points, respectively). The total energies (E total ) were estimated from AM1 and PM3 11a and single point calculations on the HF/3-21G models 11b at optimized geometries (with AM1) in order to minimize computational cost. To estimate activation energies the conventional transition state theory has been accepted and that based on the adiabatic potential energy surfaces rather than on free energy surfaces. Initial TSs for the rearrangements were obtained by constrained optimizations in which the corresponding forming or breaking bond was systematically varied while all other geometrical variables were fully optimized. These guess structures were subsequently refined to TS by full optimizations. All results reported in this work refer to such completely verified reactant-TS-product triples.
Unless noted, AM1 energies (zero point energies constraining geometries were not included) are used for discussion throughout the text. Finally, all calculations in this investigation, were performed in the gas phase.
Program package HyperChem version 7.1 has option to use the quantitative structureactivity relationships (QSAR) which are attempts to correlate molecular structure 12 , using the atomic radii of Gavezotti 13 . This calculation is used to calculate the Van der Waals-surfacebounded molecular volume (V i , Å 3 ) for some present molecular structures and by multiplying (V i ) with Avogadro's number (N A , mol -1 ) to get the volume occupied by a molecule which is called van der Waals volume (V w cm 3 ml -1 ) 14 . All the reactions consider in this study are assumed to follow essentially a synchronous and concerted mechanism because the symmetry of diene and dienophiles (slightly difference in molecular orbital coefficients for 1-hexene). 
Results and discussion
We have studied firstly the structures of ethylene (a-1), cyclopentadiene (a-2), 1-hexene (a-3), cyclohexene (a-4) as dienophiles and dimethyl 1,2,4,5-tetrazine-3,6-dicarboxilate(1) as a diene, as shown in Fig.(1) . Planar conformations have been located for (a-1), (a-2) and (1) except (a-3) and (a-4).
Generally, mechanism route of Diels-Alder reaction proceeds by approach reactants (diene [C 3 ,C 6 ] and dienophile [C 1 ,C 2 ]) with each other by a way that makes the planes of each reactant are canted for easy overlap of π-electrons to form new bonds 15 . The calculated total energies (E total ) of reactants and products, and the frontier orbital energies are gathered in Table 1 . A normal Diels-Alder reaction involves an electron-rich diene or analogue and an electron-poor dienophile, but in the systems under study, the calculated frontier orbital energies (Table 1) for HOMO (highest occupied molecular orbital)-LUMO (unoccupied molecular orbital) pair of each reactants (energy gap (∆E1, ∆E2)) show that both the cycloaddition of Diels-Alder reaction between (1) and (a-1 to a-4) exhibit inverse electron demand. The low values of ∆E2 in Table ( 1) are confirming this fact. This means that if (1) behaves as a diene reagent in DielsAlder cycloaddition, the reaction will be favored when the dienophile is electron-rich. And also The AM1 calculated polarization of the relevant frontier orbitals of dimethyl 1,2,4,5-tetrazine-3,6-dicarboxilate shows a higher contour value at C 3 and at C 6 in LUMO orbital than that in HOMO orbital (see Figure 2 ). This polarization explains the inverse Diels-Alder reaction of this compound ( According to Scheme 1, adducts ( Pa-1 to Pa-4)could be obtained from (1) with different dienophiles (a-1 to a -4) via two different possible mechanisms. The mechanism (A) involves one step synchronous cycloaddition Diels-Alder reaction or synchronous cycloaddition mechanism (B) proceeds through intermediate (Ina-1when (a-1) is dienophile). A question can be posed; does the reaction in Scheme 1 proceed via mechanism of path (A) or path (B)?. We attempt to answer this question by a theoretical analysis using a semi-empirical approach.
Cycloaddition via path (A)
In principle, the carbon-carbon double bonds of dienophiles (a-1 to a-4) can add to diene (1) in a proper conformation for the cycloaddition reaction. Simultaneously, there are C-C bonds formation and C -N breaking ( this step is determining of the reaction rate). In other words, the addition of alkene and elimination of N 2 molecules take place in the same time (see scheme 1). Fig.(3) and Table ( 2) are depicted the important optimized geometries parameters of the transition state (TS) and values for path A between diene ( 1 ) and dienophiles (a-1 to a-4). The synchronous saddle points are characterized as true transition states, possessing one imaginary frequency, by frequency calculations in all cases.
In Fig. (3) , we show four transition states for the cycloaddition reactions (TSAa-1 to TSAa-4) from different approaching dienophiles with breaking C -N bonds to leave as N 2 , synchronously. Hydrogen bonds omitted for clarity.
The distances r1 and r2 in Tables (2) refers to the two single bonds being formed synchronously. The parameter α, defined as α = (r1 -r2)/(r1 + r2), represents the degree of asynchronicity]16]. The greater the value of α, the less the transition state is synchronous. Because the Diels-Alder reaction needs a good synchronization, the α value is then an important index. The synchronicity of these transition states (TSAa-1 to TSAa-4) are very high (α is a very weak value). 
Cycloaddition via path (B)
In principle, the C=C bond of dienophiles (a-1 to a-4) can add to diene (1) in a proper conformation for the cycloaddition reaction. There are C-C bonds formation between a diene and a dienophile (this step is determining of the reaction rate). But the elimination of N 2 molecule takes place in second step (see Scheme (1) . Fig. (4) and Table ( 2) are depicted the important optimized geometries parameters of the transition state and values for path B between diene (1) and dienophiles (a-1 to a-4) . The synchronous saddle points are characterized as true transition states, possessing one imaginary frequency, by frequency calculations in all cases. In Fig. (4) , we show four transition states for the cycloaddition reactions (TSBa-1 to TSBa-4) from different approaching dienophiles that takes place synchronously. The distances r1 and r2 in Tables (2) refers to the two single bonds being formed synchronously. The synchronicity of these transition states (TSBa-1 to TSBa-4) are very high (α is a very weak value).
If we compare the activation energies of path A and path B by taking a sight to Table ( 2) , its clear that the activation energies of transitions states (TSBa-1 to TSBa-4) are less by more than two times than the activation energies of transitions states (TSAa-1 to TSAa-4) and also the all values of van der Waals volumes(V w ) of (TSBa-1 to TSBa-4) are less than (TSAa-1 to TSAa-4) (see Table ( 3)). The calculated activation volumes (∆ V # ) for path A and path B in Table 3 were shown the transitions states (TSBa-1 to TSBa-4) of path B more compact than transitions states (TSAa-1 to TSAa-4). The experimental data confirmed our anticipation for path B [17] . Therefore, the path B is favor to proceed for this kind of Diels-Alder reactions. Hydrogen bonds omitted for clarity. Table ( 
Cycloaddition of path (B) by AM1 and other methods of quantum calculation
We fixed that the process of path B proceeds for the systems under study, and the profile energy of path B (data from Tables (1 and 2)) could be depicted in Fig. (6) which shows two steps of cycloaddition reaction of 1-hexene and dimethyl 1, 2, 4, 5-tetrazine-3, 6-dicarboxilate, as example. All other dienophiles (cyclopeantadiene, ethylene and cyclohexene) with dimethyl 1, 2, 4, 5-tetrazine-3, 6-dicarboxilate fellow the same way of the energy profile. All geometries of structures of all steps of path B were optimized starting from the reactants to the finial adducts (see Figs. 1, 4, 7-10 ). In Fig. (7) , it's shown the optimized geometries for four intermediates Ina-1 to Ina-4 of concerted cycloaddition reaction of second step of path B using AM1 method. These intermediates are relatively stable (exothermic step) comparing with the reactants (see the values of ∆E rn 1 in Table (4) ). In Fig.(8) , it's shown optimized geometries for four transition states TSBa-11 to TSBa-21 of path B (this step is not determining of the reaction rate ) using AM1 method (The synchronous saddle points are characterized as true transition states, possessing one imaginary frequency, by frequency calculations in all cases). Since these transition states including elimination of nitrogen molecule, therefore, the values of activation energies (Ea2) have approximately the same values (see Table ( 4)). And also there is a lower synchronous in the ejection step of nitrogen molecule in this step, because the difference in values of r3 and r4 (see Table ( 2)). 9) is shown the optimized geometries for four adducts Pa-1 to Pa-4 (1,2-diazines) with AM1 method. These adducts (Pa-1 to Pa-4) have high stability (exothermic step) than reactants (see Fig (6) ), but 1,2-diazines are followed by a 1,3-hydrogen shift 8 to obtained the final adducts Pa-11 to Pa-41 as show in Fig. (10) . The relative stability of final adducts to 1,2-diazines are depicted in Table (4) .
We want to extend our quantum calculations with other levels of calculation to make comparison for how much the selected method of calculation (AM1) can correlated with the others (quantum calculations and experimental data 17, 18 from standpoints of energies. Therefore, all the total energy of structures in path B were recalculated by using PM3 level (see Table( 5)) and repeating that calculations by using single point calculations on the HF/3-21G level on optimized geometries obtained at semiempirical AM1 level (see Table( 6) ). In Table 4 we calculated the activation energies and reaction energies of different steps of path B by using AM1 (the same way, as shown in Fig.(6) ). The calculations showed that the present cycloaddition systems have high activation energy and high exothermicity. Fig.(10) is shown comparison of experimental data of enthalpy of reaction of the concerted Diels-Alder reactions of ethylene, cyclopentadiene, 1-hexene and cyclohexene with dimethyl 1,2,4,5-tetrazine-3,6-dicarboxilate with different levels of quantum calculations. The experimental data was obtained from literatures to show reliability of use the low cost of quantum calculations to apply for the concerned Diels-Alder reactions. In Fig.(10) , it's clear that the AM1 level shows a good correlation with the experimental data than with the other levels (PM3, HF/3-21G), this correlation was confirmed by Narahari el et 19 and showed that low cost semiempirical calculations (AM1,PM3) were better performance in modeling of the Diels-Alder reactions in large systems with the ab initio and density functional theory (DFT) calculations are prohibitively expensive. From another side, unfortunately, we found that the values of calculated activation energy of the determining step of the rate of path B between diene (1) and 1-hexene by using AM1, PM3 and HF/3-21G are 24.5, 37.9, 23.6 kcal mol -1 , respectively (see Tables (3-5) ). And these values are overestimated comparing with the experimental value of the activation energy which is 8.6 kcal mol -1 (in Dioxane) for the same reaction 17 . Table ( 
Conclusions
The present paper reports theoretical study on the inverse-demand synchronous concerted Diels-Alder reactions between dimethyl 1,2,4,5-tetrazine-3,6-dicarboxylate as diene and a variety of dienophiles (ethylene, cyclopentadiene, 1 -hexene, cyclohexene) at different levels of quantum calculations (AM1, PM3 and ab initio (HF/3-21G)). The calculated activation energies and volumes at AM1 level showed that the cycloaddition systems followed a mechanism by formation an intermediate as a first step and proceed to eject N 2 molecule at second step and ended by 1, 2-hydrogen shift adduct. The present cycloaddition reactions show higher activation energies and higher exothermicities. The prediction of the reaction energies of modeling of the present cycloaddition reactions by semiempirical AM1 method showed a good agreement with the experimental data comparing with P M3 and HF/3-21G. Whereas, the prediction of activation energies by (AM1, PM3 and ab initio (HF/3-21G)) showed overestimated values comparing with experimental data. However, the present study exposes the limitations of the semiempirical methodologies in modeling the Diels-Alder reactions. In contrast, the HF method overestimates the activation and reaction energies.
